We present measurements of the scattering, reflection, absorption, and transmission of a 1.5 MW, 110 GHz quasioptical gyrotron beam by a self-induced air breakdown plasma. The breakdown forms a periodic array of plasma filaments propagating toward the gyrotron source and oriented parallel to the incident electric field polarization. For an incident intensity of 3 MW/cm 2 , calorimetric measurements show that about 45% of the microwave beam power is absorbed by the plasma, 1% is reflected directly backward, and the remainder is diffracted into a wide angular distribution. The far-field diffraction patterns, which show distinctive sidelobes, have been measured as a function of time during the discharge. The measured patterns show good agreement with a simple model of absorption by the plasma as the plasma varies in size during the breakdown pulse. We also observe that approximately 10 times more power is scattered in the direction perpendicular to the filaments than parallel.
I. Introduction
Megawatt-level millimeter wave beams, produced by gyrotrons, have applications in key areas of plasma science. For example, tokamak devices rely on absorption of millimeter waves via electron cyclotron resonance to heat plasma for fusion [1, 2] . In that case, a quasioptical beam is formed to couple the radiation into a low-loss overmoded transmission line [3, 4] . Other applications, such as plasma propulsion [5] or stand-off detection, [6] use a beam focused into atmospheric air at high intensity to create an electric discharge plasma.
When a quasioptical beam is intense enough to induce an electrical discharge in a gas, the resulting plasma distorts the beam [7, 8] . Reflection of the incident beam from the plasma can cause the ionization front to move back toward the microwave source, as the combined intensity of the incident and reflected waves initiates a new discharge [9] .
Because the incident beam is near the intensity threshold for breakdown, this small amount of reflected power raises the field in front of the filament above threshold and is responsible for the unique formation of filaments at λ/4 wavelengths [10, 11] .Scattering and diffraction of the beam occur when the beam is strongly focused, such that the discharge plasma is smaller than or comparable in size to the focused beam.
Recent experiments have studied air breakdown plasmas produced by a focused Gaussian beam of 110 GHz millimeter waves. [12, 13] The megawatt-level beam produces a periodic array of plasma filaments that propagates in discrete steps toward the microwave source, due to reflection of the incident beam by the plasma. In this paper, we present measurements of the scattering, reflection, transmission, and absorption of the beam by the breakdown plasma. We observe that significant fractions of the incident 3 beam power are transmitted and absorbed, and most of the remaining power is scattered at large angles to the beam direction.
The paper is organized as follows. Section II describes the experimental setup and the raw data collected. Section III presents a simple plasma absorption model to describe the far-field diffraction pattern and the power balance observed at different times in the plasma lifetime. Section IV discusses the conclusions of this study.
II. Experiment
The experimental setup is illustrated in Fig. 1(a) . A linearly-polarized Gaussian millimeter wave beam is generated by a 1.5 MW, 110 GHz gyrotron oscillator, operated at peak power levels in the range 800-900 kW [14] . The beam is focused to a small spot (1/e spot radius w 0 ~ 4 mm) by a high-density polyethylene lens, reaching a high enough intensity to cause breakdown at atmospheric pressure (peak intensity ~ 3 MW/cm 2 ). A radiofrequency (rf) diode detector mounted on a rotating arm is pointed at the breakdown and moved through a large range of angles, observing microwave power that is transmitted and scattered by the plasma. The diode is fed by an open-ended WR08 rectangular waveguide. A variable attenuator is used in conjunction with the diode to provide -30 dB of dynamic range relative to the peak incident beam intensity. A calorimeter is used for absolute-scale measurements of the average transmitted and scattered power, allowing the absorbed power to be estimated. From the diode measurements it is determined that approximately 1% of the incident peak power is reflected into a backward cone of ±7º (Fig. 3(a) ). Near zero degrees, the transmitted intensity is reduced by 0.5-1.5 dB relative to the incident beam. Because the temporal structure of the scattered power varies shot-to-shot, the shot-to-shot average of the peak signal value during the entire breakdown event was recorded at each angle. Fig. 4 shows the result of this measurement in the yz and xz planes. The detected power level in the yz plane is ~5-10 dB above that in the xz plane. The peak scattered power in the yz plane occurs near -100 degrees, and is -15 dB below peak beam intensity. (Fig. 1a) , 0.1 W is observed scattered in the yz plane and 0.01 W scattered in the xz plane; this 10 dB difference is consistent with the diode measurements of instantaneous scattered power in Fig. 4 . The calorimeter measurements provide order-ofmagnitude confirmation of the ~20 dB relative intensity difference between the peak 9 transmitted beam (Fig. 3 ) and the scattered power (Fig. 4) . From all of these measurements, we then estimate that about 46% of the power is transmitted into the forward direction; about 9% of the power is scattered in the transverse direction and about 1% is reflected directly back towards the source. The missing power, amounting to about 45% of the incident power, is absorbed. 
III. Absorption-Diffraction Model
We use a simplified plasma model to calculate the main features of the instantaneous far-field diffraction pattern of the gyrotron beam passing through the breakdown plasma. The plasma region is modeled as a cylinder oriented along the z axis, with length (5) is the cylindrical plasma density profile. Using the above expression, the amplitude of the microwave beam after passing through the plasma is given by the expression
is the free-space wavenumber of the millimeter waves. Figure 6 shows the radial microwave amplitude ) , ( 
At a distance z >> r from the plasma, the angle is given by q = r /z . The final form of the angular intensity pattern at distance z, relative to the peak beam intensity at r = 0, is 
IV. Discussion and Conclusions
We present the results of the measured scattered, reflected, absorbed and transmitted power in air breakdown induced by an intense 110 GHz beam from a gyrotron.
Measurements of the scattered power show good agreement with a simplified model of a cylindrical collisional plasma with uniform plasma density along the axis and a Gaussian profile transverse to the axis.
While the far-field diffraction measurements do not resolve the sub-wavelength periodic structure of the breakdown plasma, the filamentary geometry is manifested in the measured scattered power. The scattered power observed in the yz plane was approximately 10 times that observed in the xz plane, indicating that the linearly polarized millimeter waves preferentially scatter perpendicular to the filament orientation and polarization direction x . This may be due to the sub-wavelength plasma filaments acting as dipole scattering sources, which has been studied previously as a microwave diagnostic technique [18] .
The percentage of power observed reflected backward is small. This is likely because the breakdown plasma subtends a limited portion of the beam, < 50% by area. The amount of power reflected (at ~ 170 deg) is seen to grow significantly at later times in the breakdown (1 -2 s, Fig. 2(b) ), when the transverse size of the plasma is larger. In addition, some of the reflected power may be reabsorbed in filaments and filaments in the process of forming. Only a small percentage reflection is needed to raise the electric field above the breakdown threshold, since the ionization frequency i  in air depends on the incident field E as 
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These findings have important implications for applications in which millimeter wave radiation scattered from air breakdown plasma is measured as a means of stand-off detection or characterization [20] . The beam polarization and plasma size may need to be considered when choosing detector placement and designing the rf diagnostics.
